Structural engineering of van der Waals heterostructures via stacking and twisting has
recently been used to create moiré superlattices 1,2 , enabling the realization of new optical and electronic properties in solid-state systems. In particular, moiré lattices in twisted bilayers of transition metal dichalcogenides (TMDs) have been shown to lead to exciton trapping [3] [4] [5] [6] [7] [8] , host Mott insulating and superconducting states 9 , and act as unique Hubbard systems [10] [11] [12] [13] whose correlated electronic states can be detected and manipulated optically.
Structurally, these twisted heterostructures also feature atomic reconstruction and domain formation [14] [15] [16] [17] [18] [19] [20] . Unfortunately, due to the nanoscale sizes (~10 nm) of typical moiré domains, the effects of atomic reconstruction on the electronic and excitonic properties of these heterostructures could not be investigated systematically and have often been ignored. Here, we use near-0 o twist angle MoSe2/MoSe2 bilayers with large rhombohedral AB/BA domains 21 to directly probe excitonic properties of individual domains with far-field optics. We show that this system features broken mirror/inversion symmetry, with the AB and BA domains supporting interlayer excitons with out-of-plane (z) electric dipole moments in opposite directions. The dipole orientation of ground-state -K interlayer excitons (XI,1) can be flipped with electric fields, while higher-energy K-K interlayer excitons (XI,2) undergo fieldasymmetric hybridization with intralayer K-K excitons (X0). Our study reveals the profound impacts of crystal symmetry on TMD excitons and points to new avenues for realizing topologically nontrivial systems 22, 23 , exotic metasurfaces 24, 25 , collective excitonic phases [26] [27] [28] , and quantum emitter arrays 29, 30 via domain-pattern engineering.
To date, most studies of twisted TMD bilayers have assumed a rigid rotation of layers without atomic-scale rearrangement [3] [4] [5] [6] [7] [8] . However, recent theoretical [14] [15] [16] and experimental [17] [18] [19] [20] studies have amply demonstrated that even in these van der Waals heterostructures, the interlayer interactions can cause significant lattice reconstruction and the resultant domain formation. Understanding how these local atomic rearrangements impact the electronic and excitonic properties of TMD heterostructures is crucial in harnessing the full potential of the so-called moiré engineering.
Here, we study, for the first time, spatially resolved spectroscopic properties of distinct TMD bilayer domains using twisted MoSe2 homo-bilayers (t-MoSe2/MoSe2) as a model system. We fabricate devices incorporating t-MoSe2/MoSe2 encapsulated by hexagonal boron nitride (hBN) using the 'tear-and-stack' technique 31 . Figure 1a shows a dark-field transmission electron microscopy (TEM) image of a near-0 o t-MoSe2/MoSe2 device, D1, showing black and grey regions that correspond to alternating domains with rhombohedral stacking symmetry 21 (structures schematically shown in Fig. 1b ). This domain formation is caused by the rearrangement of atoms within each TMD layer to preserve interlayer commensurability, similar to those observed in twisted bilayer graphene 32 and graphene on hBN 33 . Interestingly, for near-0 o target twist angle, the regime we call a 'marginal twist', we observe irregular, micron-sized AB (MotopSebottom) and BA (SetopMobottom) domains that are large enough to be imaged optically. The irregularity of these domains likely reflects locally varying twist angles caused by strain inhomogeneity 34 .
For t-MoSe2/MoSe2 devices used for optoelectronic characterizations, we include top and bottom graphene gates to independently control the out-of-plane electric field (Ez) and electrostatic doping ( Fig. 1c) 35, 36 . Figure 1d shows an integrated photoluminescence (PL) intensity map from a device D2 under 1.88 eV (660 nm) excitation at 4 K. Compared to the bright, momentum-direct intralayer exciton emission from monolayer regions 37, 38 , the PL intensity of the twisted bilayer is reduced by three orders of magnitude, suggesting a direct-to-indirect band-gap transition from a monolayer to a bilayer [39] [40] [41] . The PL spectra of the twisted bilayer exhibit high energy peaks near 1.6 eV, which we label as X0, and low energy peaks around 1.4 eV denoted as XI,1 ( Fig. 1e , see also Figs. S1 and S2 for the discussion of the multiple peaks). Similar to the case of other TMD bilayers 35, [42] [43] [44] , we assign the X0 peaks to momentum-direct intralayer excitons composed of an electron and a hole residing in the same layer and the XI,1 peaks to momentum-indirect interlayer excitons in which an electron and a hole are in separate layers (see below). Figure 2a shows PL spectra of the XI,1 peaks as a function of Ez collected from spot 1 in device D2. The XI,1 peaks shift linearly with Ez by as much as 50 meV, indicating that the interlayer excitons responsible for them possess a finite electric dipole moment in the out-of-plane direction.
From the slope of the field-dependent energy shift, we can obtain the electron-hole distance in the XI,1-interlayer exciton using the formula E = -edEz. Here E is the energy of emission, e is the elementary charge, and d is the distance between the electron and the hole. The value of d extracted from the data in Fig. 2a is 0.26 nm, which is smaller than the interlayer distance of ~0.6 nm 42, 45 (See Supplementary Fig. 1 ). Interestingly, when Ez falls below -0.09 V/nm, the slope of the linear Stark effect abruptly changes sign, indicating that the dipole moment direction changes at that field. Importantly, at Ez = 0, the sign (but not the magnitude) of the Stark shift varies from spot to spot: for instance, the XI,1 peaks at spot 2 in D2 exhibit Stark shifts with an opposite slope from those at spot 1 (Figs. 2a and 2b). Spot 3, on the other hand, exhibits Stark shifts with both positive and negative slopes ( Fig. 2c ). These observations indicate that while the dipole-moment magnitude of the XI,1-interlayer exciton is constant everywhere, its direction flips from spot to spot across the device, with the negative (positive) Stark slope signifying the dipole moment pointing up (down).
Such behavior is unique to near-0 o t-MoSe2/MoSe2 devices: for instance, in MoSe2 devices that incorporate a natural (untwisted) 2H bilayer ( Supplementary Fig. 2 ), we observe the same Stark shifts at all locations.
To generate a map of the XI,1 dipole orientation across D2, we measure the integrated PL intensity below 1.36eV at Ez = ±0.15 V/nm (designated as PL+ and PL-, respectively) and calculate the ratio Similar to the behavior of the XI,1 peaks observed in Figs. 2a-c, the field-dependent avoided crossings between the X0 and XI,2 peaks also exhibit spatial variation across the device. As shown in Fig. 3 , the avoided crossing for the lower X0 peak occurs at Ez = 0.07 V/nm at spot 1 ( Fig. 3a) ,
at Ez = -0.07 V/nm at spot 2 (Fig. 3b ), and for both polarities at spot 3 ( Fig. 3c ). Importantly, the map of avoided crossing patterns ( Supplementary Fig. 4 ) agrees well with the dipole orientation map in Fig. 2d , strongly suggesting a common physical origin. The broken mirror symmetry of the AB (MotopSebottom) domain is reflected in the properties of the states at its band edges 48, 49 . Density functional theory (DFT) calculations of the AB-stacked MoSe2/MoSe2 bilayer show that the valence band maximum (VBM) is at the point, and the conduction band minimum (CBM) can be at the Q or K point depending on calculation parameters ( Fig. 4a and Supplementary Fig. 5 ). While the hole wavefunction at the  point is equally distributed over both layers, the electron wavefunction is more localized in the top layer (as compared to the bottom) regardless of whether the CBM is at the Q or K point ( Fig. 4b ). We note that this asymmetry is much stronger for the K-point band extremum (100%) than for the Q-point 24, 25 , and strongly correlated exciton lattices for Hubbard model physics [26] [27] [28] [29] [30] .
Importantly, a tessellation of AB/BA domains in twisted TMD homo-bilayers [14] [15] [16] [17] [18] [19] [20] can be used to generate alternating dipolar exciton arrays whose relative energy and coupling strengths can be engineered by changing the twist angle and out-of-plane electric field. In such systems, it should also be possible to change the exciton-exciton interactions from attractive to repulsive 59 transitions as a function of Ez. Due to the reduced binding energy of XI,2, the energy of XI,2 at Ez = 0 is higher than X0. Supplementary Figure 3 . Electric-field dependent PL spectra of the X0 peaks obtained from D2 at 4K. We measure the PL spectra with the same gate operation scheme as the reflectance measurements in Fig. 3 in the main text at (a) spot 1 and (b) spot 2. Two strong PL peaks at 1.594 eV and 1.610 eV are observed, whose energies do not change as a function of the out-of-plane electric field. Similar to the reflectance measurements, we observe an avoided crossing for the lower X0 peak near |Ez| = 0.07 V/nm. We can estimate c at zero electric field by extrapolating the line with a negative slope to zero field in the PL spectrum. The extracted value is ~43 meV, in good agreement with the calculated value of 50 meV. By comparison, the calculated conduction band splitting at the Q point is ~400 meV. This splitting would require a field larger than 3.3 V/nm to switch the preferred dipole orientation of the Q interlayer excitons (based on the calculated dipole moment of Q valley electrons of ~0.06 (e·nm)). This electric field value is much larger than the field at which we observe the transition (0.09 V/nm), suggesting that the CBM is at the K point.
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